Introduction
Modern surface science has made good use of crystal planes of low Mi 11 er Index in studies of a wide variety of surface phenomena ranging from sur'face crysta 11 ography to chemisorption. The predominance and high symmetry of repetitive surface sites of anly one type, the relative ease of preparation and ordering of the (111) and (001) Clearly, there are a very large number of high Mil·ler Index surfaces with step-terrace structures that can be concocted from say, the three low index (111), (001) and (011) crystal faces of face centered cubic' solids.
Those likely to have practical chemical importance, however, must exhibit thermal stability and stability in reaction environments. This stability is necessary to sustain their reactivity, mechanical strength or other surface properties. It is of importance, therefore, to determine the structure and stability of these 11 irregular 11 surfaces in a variety of experimental conditions.
This paper reports on a detailed study we undertook to determine the structure and stability of a large number of high r1iller Index platinum surfaces. Twenty-two orientations were studied in various sections of the crystallographic zones by low-energy electron diffraction (LEED). LEED is an excellent technique for these investigations; the diffraction features are sensitive to both step height and terrace width. In addition, LEED readily detects faceting, allowing one to monitor structural changes as a function of time, temperature and ambient, when they do occur.
We have studied the high Miller Index surfaces of platinum in ultrahigh vacuum, in the presence of oxygen, and in the presence of hydrocarbons that deposited a layer of carbon on the metal surface. Some of the crystal faces were stable in all three ambients, some of them in two or one, and I some were unstable and faceted. Their structural behavior will be discussed in some detail and compared with theoretical predictions and with other experimental findings whenever available. Finally, the implications of structural instability in heterogeneous catalysis will be discussed as 
Experimental
The Pt high Miller Index surfaces studied are shown in Fig. 1 on a stererographic projection. Both the Miller Index and a step-terrace notation5 are given for each surface. The step-terrace surface structure notation will be used throughout this paper as the macroscopic Miller Index cannot readily be employed to specify a 11 the microscopic surface structure variations visible by LEED. The step-terrace notation describes the. actual surface structure as composed of terraces of varying width separated by periodic steps of one or many atoms in height (see Fig. 2 ), while the Miller Index of the crystal plane only defines the macroscopic surface plane. The step-terrace notation describes the orientation, (hkl),
•J and mean width, m, of the terraces and orientation, (h'k'l' ), and mean height, n, of the steps as Pt(S)-[m(hkl)xn(h'k'l')]. 5
There are three main types of structural features that appear on surfaces. First there are one atom high steps separated by terraces of width n (Fig. 2a) . This is called the monatomic height step-terrace configuration and it is produced when the plane is stable with respect to surrounding planes. Second, there are multiple height steps separated by terraces with width that are multiples of n ( Fig. 2b depicts 2m) .
The third structural types, the 11 hill and valley" configuration, consists of large (compared to the coherence length of the 0 diffracted electrons,-100 A) facet planes which would form a surface resembling ridges of hills with valleys between them (Fig. 2c) . The point where multiple height steps and multiple width terraces become facets is arbitrary. We have taken a surface to be faceted when the step -4-periodicity is no longer discernable from analysis of the diffraction beam splitting. 5
Detailed description of the surface preparation has been given previously. 2 In brief, single crystal Pt rods were aligned by Laue back reflection X-ray diffraction, spark cut to the desired angle and metallurwith gically polished/ the final step a 0.05 micron alumina powder. The 1 mm thick slices were mounted on Pt wires for heating and the crystal temperature was measured with a Pt--Pt-10% Rh thermocouple spot welded to the top of the crystal. The surfaces were cleaned by a combination of Ar ion sputtering and oxygen heat treatment combined with high temperature (>950°C) anneals.
The samples were clean of Ca, C and 0 by AES to the limit of detection, about 0.05 to 0.02 monolayers. There could be a very small amount of oxygen, ~0 .03 monolay~r, on the surface which could be undetectable with the retarding potential Auger spectrometer used in this investigation.
The samples could be covered with a monolayer of carbon by heating to 800°C in lxlo-7 torr of hydrocarbon for a few minutes. Benzene was used for depositing carbon on the surface. Oxygen adsorption was carried out by heating the samples at 850°C in 5xlo-6 torr of oxygen for 10 to 30 minutes. The ratio of the C-273 eV Auger peak to the Pt-240 eV peak was between 3.5 and 4 on a carbon covered surface; a graphitic monolayer corresponds to a ratio of -4. The 0-510 eV Auger peak was approximately the same height as the Pt-240 eV Auger peak on the oxygen covered surfaces.
Results
In Table I we list all of the crystal faces that were studied by the Miller Index and step-terrace notations. Their structural stability or The clean (001) surface reconstructs to form a distorted hexagonal overlayer which results in a coincidence LEED pattern characteristic_of a '(5xl)' structure; this surface structure is to be discussed in a subse-' quent paper. 9 Coverage by graphitic carbon returns the surface to a (lxl) structure and produces ring like diffraction features as on the (111) Ma=A/20 where t4a is the domain size, A. is the electron wavelength and 8 is the half width at half maximum of the LEED beam profile. 13 . The reversible r.e.arrangement of terrace width and step height shows that the Pt atoms have high mobility and can obtain an equilibrium surface configuration under the conditions of our experiments. It also demonstrates that a high temperature structure can be quenched and studied by LEED at room temperature. Thus the step structure which is obtained by quenching rapidly from 1600°C {about 3 sec to reach 800°C below which appreciable diffusion does not occur) is the equilibrium structure at the high temperature •. The steps probably have fewer thermally generated k-inks at room temperature, but the step position should not change detectably.
The LEED patterns of several surfaces are shown in Figh 3, 4 and 5.
As seen all these diffraction patterns have the overall hexagonal symmetry of the (111) surface with the spot splitting inversely proportional to the step spacing and the splitting direction normal to the step direction.
The ratio of the (10)-(00) distance (close-packed distance) to the doublet splitting agrees with the nominal value to within a 1/3 of a lattice spacing, i.e., for a [6(1ll)x(l00)] surface the ratio is 5-2/3±1/3. This is good agreement within the uncertainty introduced by cutting and polishing the crystal surface. 
Clean Surfaces
The surfaces in this region all possess a reconstructed (001) -10-terrace '(5xl)' surface structure as readily seen in Fig. 7 . The reconstruction is probably a distorted hexagonal overlayer resembling a (5xl) coincidence pattern. 9 Four rotationally distinct domains make up the diffraction pattern observed from the (001) surfaces (Fig. 7a) . On the Pt(S)-[75{100)x25(210)] surface, two of the four domains are stabilized by the terrace structure (Fig. 7b) . The two surfaces of the (lOO)x(lll) step type, only one of the four possible domains is present ( Fig. 7c and   7d ). The (lOO)x(lll) samples are stable in a monatomic height step configuration to above 1200°C, while (lOO)x(lOO) samples facet to (001)- (5xl) and [2(100}x(l00)] planes. These facets formed upon annealing at 850°C, and were quite large compared with the facets which formed in the region near the (111) pole. The LEED·beams from both facet planes were as sharp as the beams from any low Miller Index surface, thus the facet planes are 1 arge and well ordered.
Carbon Covered Surfaces
The Pt crystal planes in this region facet with a layer of carbon on their surfaces. The hill and valley structure that forms is composed of There is a trend of decreasing stability away from the low index planes with an abrupt restabilizati~n under all conditions at halfway points on the zone lines. The varying effects of oxygen and carbon on step stability demonstrates the important influence of the local geometry of the step on the nucleation and growth of facet planes.
The data presented in Tables I and II is 2) Changes of the surface structure of catalyst particles may alter markedly the rate and product distribution in many surface reactions and can lead-to "poisoning" of catalytic activity.
The size of metal catalyst particle effects the rate of many cata-1 t .
. 17 'bl f y 1c react1ons; presuma y rom a change in the surface structure of the particles with size. Changing support materials (for example, alumina to silica or graphite) while, keeping the particle size constant also can cause the specific reaction rates of catalytic reactions to vary, 20 again presumably by a change in the stable surface structure. These conclusions are drawn 'from initial rate data; on many industrial catalysts as the rate decreases over long periods of time, the selectivity to the desired products also changes 21 indicating a restructuring, or selective carbon deposition possibly with concomitant metal surface destabilization and rearrangement.
uxygen adsorbed on a surface can effect the rates of reaction two ways, a simple site blockage by adsorption at steos ~r kinks as ob--served for the dehydrogenation of cyclohexane or through a restructuring The structure and stability of Pt single crystals as determined by LEED will now be compared to other studies. The surface structural stabilit~es found experimentally on Pt and other metals will be reviewed first, then the implications of these results to theories of surface structure will be discussed. The spheres were annealed at 900°C in an atmosphere of oxygen (or NH 3 +o 2 ) and the surface configuration observed by optical microscopy. Large facets of (111), (001) and (0~·1) orientation were observed to grow in agreement with this work.
Mclean and Mykura 32 measured the surface energy of polycrystalline platinum samples that were annealed in vacuum or in air by a twin boundary groove technique. They did not detect faceting on any vacuum annealed
surfaces, but found extensive faceting after heating in 1 atm of air.
Since they employed rather poor vacuum, the vacuum annealed samples were probably contaminated with carbon and/or calcium, thus discrepancies between this study and theirs in detecting faceting is not surprising.
They found their oxygen annealed samples more extensively faceted particularly near the (111) plane and the facet planes exposed agree well with those found in this study and that of Schmidt's. 31 The higher oxygen • ...
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